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Courageous science: structural studies of bluetongue virus core
Michael G Rossmann* and Yizhi Tao
The structure of the bluetongue virus core was recently
reported and represents the largest structure determined
to atomic resolution. As a biological machine capable of
RNA transcription, the structure has immense biological
significance.
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In a recent edition of Nature [1], David Stuart and
coworkers published the three-dimensional structure of
the core of bluetongue virus. The total molecular weight
of the ~700 Å diameter particle is ~54 × 106 Da, and is by
far the largest atomic structure yet to be determined by
crystallographic techniques. This is a fantastic accom-
plishment not only for its technical achievements, but
also for its biological significance in elucidating a struc-
ture capable of RNA transcription. Yet, the account has
only a brief description of the crystallographic methods,
and there is only scant discussion of the function of this
extraordinary molecular machine. These apparent omis-
sions are in no way the fault of the authors, however.
Methodological details are missing because the basic
crystallographic techniques required for solving the struc-
ture, once highly controversial [2], have become common-
place. On the other hand, discussion of the structure in
terms of its known functions, in particular its ability to
transcribe messenger RNA molecules within the intact
core, is still sufficiently controversial that it was denied
publication in Nature, according to the author (D Stuart,
personal communication).
Bluetongue virus is an orbivirus that belongs to the
reoviridae family of segmented double-stranded (ds)RNA,
icosahedral viruses with two or three layers of proteins that
form the capsid. The virus causes disease in cattle and, in
particular, in sheep; it is endemic in the Middle East,
India, China, and the western parts of the US [3]. The
outer shell of orbiviruses contain a number of proteins that
can recognize and interact with cell-surface molecules.
These are stripped off during cell entry, leaving a viral
core which has an outer layer of 13 × 60 (= 780) copies of
the viral protein VP7 (MW 38,000) and an inner layer of
2 × 60 (= 120) VP3 viral protein subunits (MW 100,000).
The first papers on bluetongue virus from the Stuart and
Roy laboratories related to the structure of VP7 on its own
[4]. This protein arranges itself as trimers in a number of
different crystal forms [5]. The monomer is ~85 Å long
with its length running roughly parallel to the trimer axis.
The structure of the monomer has two domains: a helical
domain, formed by the N- and C-terminal regions, and a
‘jelly-roll’ domain, formed by the central one-third of the
polypeptide. It was shown that the crystallographic trimers
were likely to be relevant to the structure of the virus itself
and that the jelly-roll domain would form the external
surface of the core. Topologically similar jelly-roll domains
have been found in most, but not all, other virus capsids
[6]. Electron microscopic (EM) reconstructions [7,8] were
able to establish the overall organization of the proteins
in bluetongue virus. This made it possible to build a fairly
accurate model of the outer layer of bluetongue virus cores
by fitting the VP7 trimer structures into electron-density
maps generated from EM images [5]. Thus, when it became
possible to crystallize bluetongue virus cores and collect
three-dimensional X-ray diffraction data using various
synchrotron sources, these data could be related to the
proposed model. Subsequent electron-density averaging
between noncrystallographically related protein subunits
was able to extend and improve the effective resolution of
the electron-density map, thus permitting a first view of the
internal VP3 subunits in atomic detail.
The use of an homologous model and the subsequent
electron-density averaging had been controversial from
the time of its first proposal [9] to its eventual successful
use in the structure determinations of a human rhinovirus
[10] and poliovirus [11]. Since 1985, however, this technol-
ogy has been used in the structure determination of numer-
ous other viruses, as well as proteins. In commenting on the
crystallographic techniques, it should also be mentioned
that data acquisition when cell dimensions are 800 Å or
longer is itself a substantial achievement, made possible
only by numerous advances in the development of the use
of synchrotron radiation sources, powerful computational
facilities, and suitable software for the indexing and mea-
surement of intensities of millions of X-ray reflections [12].
Crick and Watson [13,14] argued that the genetic code
was likely to be based on somewhere between two and six
bases per amino acid. Hence, it followed that the amount
of information available on a viral genome would be insuf-
ficient to code for a polypeptide chain large enough to
form the complete viral capsid. Instead, they suggested
that a closed capsid must consist of many identical protein
subunits. Being identical, each subunit should then bind
other subunits in identical ways. Thus, the environment
of each subunit must be identical. The only geometric
arrangements that allow this are the Platonic solids, includ-
ing a tetrahedron, octahedron or icosahedron. Of these,
the icosahedron requires the greatest number of asymmet-
ric objects, namely 60, to form a complete regular figure.
Although this observation has remained true for most
‘spherical’ viruses, it does not explain how subunits evolve
to associate with each other at exactly those angles that
fortuitously create an icosahedral shape. Nor is it entirely
clear why no viruses have yet been discovered that have
other than icosahedral symmetry, although an icosahedron
would provide the largest volume for the genome with the
least surface area of the capsid.
Almost a decade after Crick and Watson first proposed their
ideas on virus symmetry, Caspar and Klug [15] extended
these concepts to accommodate viruses that have more
than 60 subunits in their capsid, as is the case in most
viruses. Their argument was that if the proteins in a viral
capsid do not have identical environments (which would
only be possible if there were exactly 60 subunits in the
capsid), the proteins must have at least roughly identical
(‘quasi-equivalent’) environments. For instance, the con-
formation of a protein might be able to adapt itself to make
hexamers with 60° between subunits or pentamers with
72° between subunits. A regular icosahedron can then be
considered to be made up of 12 pentamers (12 × 5 = 60
subunits). But other viruses might have additional hexam-
ers at strategic, but regularly placed, positions. Caspar and
Klug showed that such quasi-equivalent arrangements
could only occur when the number of subunits in the shell
was 60T, where the triangulation number, T, is given by
T = h2 + hk + k2, and h and k are integers. This implies that
only certain T numbers are possible. For instance, T = 1, 3,
4, 7, 9, and 13 are allowed, whereas T = 2, 5, 6, 8, 10, 11,
and 12 are not. In most cases, these predictions have been
found to be valid, both in terms of the number of asym-
metric subunits in the particle and the organization of
pentamers and hexamers in the capsid. The first truly
major discrepancy was discovered in the T = 7 structures
of the homologous polyoma and simian virus 40 (SV40)
virions [16,17]. It was found that these viruses were not
built of 12 pentamers and 60 hexamers, as had been pre-
dicted by Caspar and Klug, but rather that the anticipated
hexamers were, in reality, pentamers. This discovery jolted
virologists out of an unquestioning acceptance of the Caspar
and Klug predictions. Subsequently, Harrison and cowork-
ers [18] showed that the N-terminal domain of the SV40
subunits within the hexavalent pentamers had adapted
their conformations in a subtle way to conform to their
specific environments.
The inner subcore of bluetongue virions comprises 120
subunits, a number that is disallowed by the Caspar and
Klug triangulation rules. Nevertheless, the two molecules
per icosahedral repeating unit adapt their conformation
to their respective environments by structural changes
especially in the apical domains, close to the fivefold axes
(Figure 1). There is, however, also a symmetry mismatch
between the non-Caspar–Klug T = 2 inner core of VP3
subunits and the classical Caspar–Klug T = 13 outer core
of VP7 subunits (Figure 1). The 13 quasi-equivalent sub-
units of the outer core each have totally different, nonspe-
cific, hydrophobic interactions with the inner core. A
similar mismatch has been observed in the structure of the
φX174 procapsid [19], where each of the four, non-Caspar–
Klug arranged, scaffolding proteins per icosahedral unit
has a completely different interaction with the inner core
of the T = 1 icosahedrally organized capsid shell. Such
symmetry mismatches are found to be quite common in
viruses and may be functional requirements. For example,
the neck–tail connector in the tailed bacterial virus φ29
has 12-fold symmetry, but it fits into a fivefold vertex of
the head [20]. For φ29, the mismatch may be essential to
rotate the connector, powered by an ATPase, while pack-
aging the genomic dsDNA into the head capsid [21],
perhaps not unlike the mechanism proposed for bovine
heart mitochondrial ATPase [22].
Although it is instructive to learn how different viruses cir-
cumvent the Caspar and Klug laws, it would be helpful to
find a general concept that could explain the available infor-
mation and predict new findings. What has been learned
is that selected protein domains have a remarkable capac-
ity to adapt themselves to provide appropriate interactions
between subunits, whereas other parts of proteins retain
their structure over long evolutionary time spans. But if that
is the case, why retain any semblance of the Caspar and
Klug organization, as suitable interactions can apparently be
readily adapted? Why retain icosahedral symmetry at all?
Indeed, many viruses, particularly larger enveloped viruses,
lack any pretense of icosahedral symmetry, although, like
human immunodeficiency virus [23], they retain local sym-
metric organization between adjacent capsomeres.
An alternative point of view to the Watson–Crick and
Caspar–Klug symmetry concepts is the idea of conforma-
tional switching [24]. According to this concept, when two
identical proteins bind to each other, they induce a confor-
mational change in each other. Thus, when a third mol-
ecule binds to either of the first two molecules, it cannot
bind in the same way because the original conformation
no longer exists. The conformational changes induced on
the third molecule might, therefore, be different to those
induced on one or the other of the first two molecules.
Hence, the path of assembly is entirely controlled by suc-
cessive assembly events, in contrast to the highly success-
ful predictions of Crick and Watson as well as those of
Caspar and Klug. Furthermore, conformational switching
does not explain the high symmetry of viruses. Neverthe-
less, the structural changes induced in the apical domains
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of bluetongue VP3 can be ‘understood’ in terms of confor-
mational switching. A parallel to the differing hypotheses
of viral assembly is in the quantum theory of energy,
where a few assumptions can explain many observations
while being unable to provide any true understanding in
terms of cause and effect.
The enzyme complex capable of transcription probably
attaches to the innermost VP3 shell at its fivefold vertices.
The transcripts are externalized by way of pores in the
capsid, an event that has been beautifully captured in an
EM study [25] of a related rotavirus. Grimes et al. [1]
observed that the most likely pores through which the tran-
scribed RNA might escape from the virion are channels
along the fivefold axes. However, this route would require
large conformational changes to widen these apertures in
the VP3 capsid. This has analogies with the probable
function of fivefold axes in rhinoviruses and parvoviruses,
as well as the insect Flock House virus. Rhinoviruses and
Flock House virus externalize their genomic RNA, proba-
bly through selected fivefold channels, while infecting cells
[26,27]; parvoviruses externalize the N-terminal domain of
their capsid proteins through the fivefold channel, a process
that may be essential for viral maturation [28].
Lipid-enveloped bacterial viruses [29], such as φ6, have
many similarities to mammalian reoviruses. They have an
outer shell of T = 13 and an inner core of T = 2 symmetry
[30]. These viruses have only three segments of RNA,
however, instead of the ten observed in bluetongue virus.
Mindich and colleagues have shown, in a series of elegant
experiments, that the three RNA segments of lipid-
enveloped viruses are packaged in a specific order [31].
Conformational switching may, therefore, be the process
by which procapsids sequentially select each of the ten
different dsRNA segments in bluetongue virus. In con-
trast, transcription of each RNA molecule appears to occur
simultaneously, and this may be related to the organiza-
tion of the transcription complexes around each of the
12 pentameric sites within the core [1].
The structure of the bluetongue virus core has now pro-
vided ample opportunities for constructive interpretation of
the way in which this amazing biological machine functions.
We hope that David Stuart and his colleagues will soon
have the opportunity to publish their interpretation of how
the bluetongue virus functions as a transcription machine.
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Figure 1
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the T trimer is shown entirely in blue because
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